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An experimental investigation and theoretical analysis are reported on charge competition in
electrospray ionization (ESI) and its effects on the linear dynamic range of ESI mass
spectrometric (MS) measurements. The experiments confirmed the expected increase of MS
sensitivities as the ESI flow rate decreases. However, different compounds show somewhat
different mass spectral peak intensities even at the lowest flow rates, at the same concentration
and electrospray operating conditions. MS response for each compound solution shows good
linearity at lower concentrations and levels off at high concentration, consistent with analyte
“saturation” in the ESI process. The extent of charge competition leading to saturation in the
ESI process is consistent with the relative magnitude of excess charge in the electrospray
compared to the total number of analyte molecules in the solution. This ESI capacity model
allows one to predict the sample concentration limits for charge competition and the on-set of
ionization suppression effects, as well as the linear dynamic range for ESI-MS. The implica-
tions for quantitative MS analysis and possibilities for effectively extending the dynamic range
of ESI measurements are discussed. (J Am Soc Mass Spectrom 2004, 15, 1416–1423) © 2004
American Society for Mass SpectrometryElectrospray ionization-mass spectrometry (ESI-MS) [1] has become a widely used analyticaltechnique in modern biological research due to its
high sensitivity and broad applicability [2, 3]. Because
of the extreme complexity of many biological samples
(e.g., proteomics analyses), the effectiveness of ESI-MS
depends substantially on both its achievable sensitivity
and dynamic range. It has been recognized that optimi-
zation of ESI processes has a great effect on MS sensi-
tivity [4]. Operating electrosprays in a so called nano-
electrospray [5] mode, with flow rates ranging from 10
to 100 nl/min, has been shown to significantly increase
MS sensitivity compared with more conventional elec-
trospray operation (1 l/min) [6]. The much smaller
charged droplets (nanometer range) generated by nano-
electrosprays [7, 8] lead to increased ionization effi-
ciency. It has also been shown that effects upon the
analyte ionization efficiency resulting from ionic con-
taminants (matrix effects) or multiple analytes (ioniza-
tion suppression) decrease significantly for nano-elec-
trosprays compared to conventional electrosprays [5, 9].
Although many advantages have been recognized in
Published online August 27, 2004
Address reprint requests to Dr. R. D. Smith, Biological Sciences Division
and Environmental and Molecular Sciences Laboratory, Pacific Northwest
National Laboratory, MSIN K8-98, P.O. Box 999, Richland, WA 99352, USA.
E-mail: rds@pnl.gov© 2004 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/04/$30.00
doi:10.1016/j.jasms.2004.04.034principle for nano-electrospray operation, a firm quan-
titative experimental evaluation in terms of its achiev-
able MS sensitivity is still not available due to factors
that include difficulties in reliably operating nano-electro-
sprays [10]. The most effective nano-electrospray opera-
tion requires the interface to be optimized for the signifi-
cantly smaller sample infusion rate, more facile droplet
desolvation, and the lower electrospray current [8].
The linear dynamic range for ESI-MS measurements
has been previously investigated resulting in somewhat
differing conclusions [11–17]. The upper concentration
limit was originally defined by Kebarle and Tang [11,
12] as the one corresponding to the maximum analyte
charge limit for a given total electrospray current. Above
this concentration limit, the ESI response to the analyte
concentration levels off, a phenomenon often referred to
as analyte “saturation” [13]. Other experimental studies
of the ESI linear dynamic range have reported a fixed
upper analyte concentration limit of 105 Molar, re-
gardless of electrospray operating conditions [14–17].
There are potentially several reasons for the reported
differences for the upper concentration limit of the ESI
linear dynamic range. The first possibility is related to
the reliability of the electrospray current measurement
under different operating conditions. As first reported
by de la Mora and Loscertales [8], electrosprays of
highly conductive aqueous solutions operated in ther Inc. Received March 18, 2004
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spray currents independent of both the emitter (tip)
diameter and applied voltage, and are dictated only by
the liquid flow rate and the relevant liquid properties,
such as electric conductivity, surface tension and dielec-
tric constant. Outside the cone-jet mode, the electro-
spray may display completely different current charac-
teristics, and the charged droplets become significantly
polydisperse in size and extent of charging [18–20].
This can potentially lead to significant differences com-
pared to the optimum electrospray performance achiev-
able in the cone jet mode, and errors in the estimation of
the ‘excess’ droplet charge, and causing changes in the
maximum concentration for which ESI linear response
will be achieved. A second possibility is related to the
optimization of the ion sampling and transmission
efficiencies through the ESI-MS interface. Due to the
high analyte ion density when an electrospray is oper-
ated at or above the upper concentration limit for the
ESI linear dynamic range, the MS ion sampling and
transmission efficiencies may be limited by the space
charge effects on the ion optics of the mass spectrome-
ter. Extremely large ion currents could potentially re-
quire significant redesign of the ESI interface to avoid
ion transmission bottlenecks, so that MS response
would more correctly reflect higher ion production
rates. A third possibility involves the charge competi-
tion effects on the ESI process in the presence of a
mixture having high analyte concentrations. Com-
pounds having different proton affinities, surface activ-
ities, etc. [17, 21] can have different ionization efficien-
cies, and consequently potentially have different ranges
of linear response. Due to the importance of dynamic
range for making quantitative measurements in ESI-MS
and the different views apparent in the literature, we
have revisited this issue.
We report a study of MS response under different
electrospray operating conditions and the characteris-
tics of the charge competition in the ESI process when
sample mixtures are used for ESI-MS analysis. The
Figure 1. Illustration of the modified Agilent M
in this work (ion funnel not drawn to scale).linear dynamic range of the ESI process has been
investigated using both single analyte and a mixture of
analytes with different ionization efficiencies. The ex-
perimental measurements of ESI linear dynamic range
and theoretical predictions based on the ESI charge
capacity are compared. The implications of charge
competition for quantitative MS analysis and the pos-
sibilities for extending the linear dynamic range of the
ESI process are also discussed.
Experimental
An Agilent MSD1100 single quadrupole mass spec-
trometer (Agilent Technologies, Palo Alto, CA) was
used in these investigations. As shown in Figure 1, the
standard ion inlet interface of the mass spectrometer
was replaced with a heated capillary-ion funnel inter-
face providing significantly improved sensitivity [22,
23]. The electrospray emitter was mounted on an X-Y
translation stage allowing fine adjustment of its posi-
tion with respect to the heated capillary inlet. A syringe
pump (KD Scientific, Holliston, MA) was used for
sample infusion and a micro syringe (100 l) was
connected to the ESI emitter through a metal union. A
high voltage DC power supply connected to the LC
union provided the DC potential necessary for ESI
operation. ESI emitters were made by pulling sections
of 50 m i.d./150 m o.d. fused silica capillary (Polymi-
cro Technologies, Phoenix, AZ) down to approximately
15 m tips using a butane torch. The ion funnel used in
this study was described in detail elsewhere [23, 24].
This ion funnel configuration was shown to have high
efficiency in focusing and transmitting ions over a
broad m/z range [22, 23]. Following the exit of the funnel
is an electrostatic lens with a 1.93 mm orifice diameter
which served as a conductance limiting orifice and
provided RF shielding between the ion funnel and the
octopole ion guide. The electrostatic lens was electri-
cally insulated from the ion funnel electrode. The skim-
mer voltage of the MSD1100 was used to supply the DC
100 single quadrupole mass spectrometer usedSD 1
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optimization using the parameter ramping function of
the MSD1100 instrument control software. To effec-
tively disperse the gas expansion jet from the exit of the
heated capillary inlet and significantly reduce the gas
load down-stream of the ion funnel, a jet disrupter,
consisting mainly of an electrically isolated metal disk
of 6.5 mm in diameter, was installed on the center axis
of the ion funnel 19.5 mm from the funnel entrance [23,
24]. The heated ESI inlet capillary assembly used a
metal capillary (430 m i.d. and 2.5 in. long) which was
silver soldered into a metal block [23, 24]. Two cartridge
heaters were used to heat the capillary block and the
temperature of the heated capillary was monitored by
thermocouples and regulated using a close loop tem-
perature control unit (Omega CN9000A). The tempera-
ture of the heated capillary inlet was fixed at 150°C. A
DC bias at 220 V was applied to the heated capillary
block. The RF frequency and the amplitude applied to
the ion funnel were 500 kHz and 70 Vp-p, respectively.
The DC biases on the first ion funnel electrode and the
last ion funnel electrode were approximately 200 and 35
V, respectively, which resulted in an axial DC field of
approximately 16 V/cm in the ion funnel. The vacuum
pressure was measured at 2.5 torr in ion funnel chamber,
and 4.5 106 torr in the MS analyzer chamber. The mass
spectrometer was operated in the positive ESI mode.
Selected ion monitoring mode of MS was used to measure
the analyte ion intensity. During the experiment, both the
electrospray voltage and the spray emitter position were
carefully adjusted to achieve maximum MS sensitivity at
each electrospray operating condition and a stereo zoom
microscope was used to monitor electrospray stability. For
the total electrospray current measurements at different
flow rates, the mass spectrometer was replaced with a
simple grounded metal plate connected to a picoammeter.
The analytes used in this study included caffeine, MRFA
(Met-Arg-Phe-Ala) and reserpine, which produce molec-
ular ions at m/z 195.1 for caffeine, 524.4 and 262.7 for
MRFA, and 609.2 for reserpine. Samples having concen-
trations ranging from 107 to 103 M for each analyte
were used to study the MS responses at different electro-
spray flow rates. Mass spectra were acquired allowing the
characterization of MS sensitivity and signal linearity at
different sample concentrations. The three compounds
were also mixed together at equimolar concentrations to
study charge competition in the ESI process and its effects
on the quantitative MS analysis. The selection of the
analytes in this study is arbitrary but with the require-
ment that the compounds show different ionization
efficiencies under the same experimental conditions, as
discussed in detail below. However, the conclusions
from this study are expected to be valid for any mixture.
Results and Discussion
Figure 2 shows MS signal intensity measurements for
different electrospray infusion rates of reserpine solu-
tions having concentrations ranging from 107 M to104 M in 50:50 methanol:water  1% acetic acid. The
MS operating parameters were fixed for each experi-
ment and the electrospray voltage was adjusted at each
flow rate to ensure stable cone-jet mode electrospray
operation. As shown in Figure 2 and consistent with many
previous reports, sensitivity increases as electrospray flow
rate decreases for each solution concentration. The lower
electrospray flow rate results in smaller charged droplets
and ultimately provides a higher ionization efficiency.
Over an order of magnitude sensitivity improvement
was observed when the electrospray flow rate was re-
duced from 1 uL/min to 50 nL/min. The slight sensitivity
decrease observed at the lowest flow rate (30 nL/min)
for the 105 M concentration may be related to varia-
tions in ESI flow instability suggesting that an even
finer emitter may be needed to maintain spray stability
at the smallest flow rates where observation of electro-
spray becomes less effective for optimizing stability.
Figure 3 further compares the MS response for
different electrospray flow rates using three sample
solutions at the same concentration 105 M. Reserpine is
shown to have significantly greater peak intensity at
each flow rate compared to either caffeine or MRFA.
Since all samples were prepared with the same solvent
Figure 2. Ion abundance versus electrospray flow rate (in the
semi log scale) for reserpine at different solution concentrations.
Figure 3. Signal intensities versus liquid flow rate (in the semi
log scale) for pure105 M solutions of reserpine, caffeine, and
MRFA.
trosp
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ciency of the ESI process. This can either be attributed to
charge competition of caffeine and MRFA with other
solution components, or (more likely) greater reserpine
surface activity. This result indicates that both caffeine
and MRFA ESI-MS signals would likely be suppressed
by reserpine in mixtures of the three compounds.
To investigate the charge competition, solutions hav-
ing equimolar concentrations of reserpine, caffeine, and
MRFA were prepared. Figure 4 shows the ion intensi-
ties of caffeine and MRFA (total intensity from both
singly and doubly charged ions) relative to reserpine at
different sample dilutions. At a concentration of 104
M, the reserpine peak shows more than an order of
magnitude greater intensity than caffeine or MRFA. The
differences in peak intensity decrease as the solution
concentration decreases to 105 M. As the sample
become sufficiently dilute (106 M for each analyte in
the mixture), the relative ion intensities become nearly
equivalent. Below this concentration we expect that MS
response will be essentially linear with sample concen-
tration for all the components in the mixture. This requires
significantly improved MS sensitivity and better sample
preparation with reduction of typical solvent contami-
nants to provide ESI-MS measurements in this regime.
To better understand these observations, an analysis
was performed based upon the work of de la Mora and
Figure 4. Normalized ion intensities of caffeine
of the reserpine (609.2) peak at different mixtur
three lesser concentrations are also shown. ElecLoscertales [8] who showed that for electrosprays of
highly conductive liquids, the total electrospray current
can be formulated as:
I  Qk 

 1/2 (1)
where I is the total spray current or total excess charges
in the electrospray, k is the electric conductivity of the
liquid,  is the surface tension of the liquid,  is the
dielectric constant of the liquid,  () is an experimen-
tally determined coefficient and Q is the liquid flow
rate. Eq 1 was derived through a dimensional analysis
of the charge transport process through the Taylor cone,
and was experimentally verified by the authors using
several mixtures.
For a solution containing N different compounds of
interest with molar concentration XN, if we assume that
each compound becomes multiply charged in the elec-
trospray ionization process, the total ion current corre-
sponding to compound J, when all the molecules of





1 ) and MRFA (524.4, 262.7) to the intensity
centrations. Representative mass spectra for the
ray flow rate: 1 l/min.(195.
e con
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AV is Avogadro’s number, fz,J is the fraction of com-
pound J molecule ions carrying z charges and i(J) is the
maximum charge carrying capacity of the compound J
ions. Both fz,J and i(J) can be experimentally determined
from the compound charge distribution in the mass
spectra at given experimental conditions. Based on the




fz,J  1 (3)
The total ion current when all the analytes of interest in








The IA, defined by eq 4 represents an ideal condition in
the electrospray ionization process. Although complete
analyte ionization from solution may not be realized,
the ratio between the total electrospray ion current I and
the analyte ion current IA, as defined in eqs 1 and 4, can
still provide a measure of the probability for analyte
ionization in ESI. Consequently, we define this ratio as
the electrospray ionization charge capacity for a solu-


















Based upon eq 5 one can partition ESI-MS response into
three limiting conditions defined here as: (1) Ci  1, (2)
Ci  1, and (3) Ci  1. When Ci  1, the sample solution
is sufficiently dilute compared to the available excess
electrospray charge. Here, ESI charge competition is
expected to be negligible and the ESI-MS response is
linear with concentration for each compound in the
mixture. For Ci  1, the total excess charge becomes
comparable to the total number of analyte ions formed
by ESI. ESI charge competition in this case is expected to
be important. Compounds with different ionization
efficiencies will have different MS responses. This can
result in the different dynamic ranges for compounds in
mixtures, as discussed below, and even the failure to
detect some species in mixtures. Eventually, when
sample concentration increases further (Ci  1) the MS
response is expected to be substantially independent of
sample concentration (i.e., saturated) [13].
To test this model, eqs 1–5 were compared with the
experimental data. Eq 1 indicates that the total electro-
spray current depends on both the liquid flow rate and
the liquid properties. For both non-ionic and non-
surface active compounds, where solution surface ten-sion, electric conductivity and dielectric constant are
not significantly altered, the total electrospray current is
expected to depend only on the liquid flow rate. Figure
5 shows that the total electrospray currents remain
essentially unchanged at a given flow rate for pure
reserpine solutions, as well as a mixture of reserpine,
caffeine and MRFA at different concentrations. Good
agreement was also observed between the current mea-
surements shown in Figure 5 and eq 1, implying that
stable cone-jet mode electrosprays [8, 20] were effec-
tively maintained in these experiments. Using the ex-
perimental data for the total electrospray current (Fig-
ure 5) both IA and Ci can be calculated using eqs 4 and
5 for the conditions of Figure 4. The data given in Table
1 are also consistent with the results shown in Figure 4.
At the concentration of 106 M, a very large Ci value
suggests negligible charge competition in the ESI pro-
cess. The experiments confirm the comparable MS in-
tensities for all compounds. As the sample concentra-
tion increases, Ci decreases and charge competition
becomes increasingly important. Compounds with
higher ionization efficiencies show higher MS signal
intensities. Comparing the results in Figure 4 and Table
1, we also conclude that charge competition in the ESI
process will be generally negligible when Ci is larger
than 10.
The Ci in eq 5 can also be used to define the upper
concentration limit for the ESI linear dynamic range. As
Figure 5. Total spray ion current versus electrospray flow rate
for pure reserpine and mixtures of MRFA, reserpine and caffeine
at different solution concentrations.
Table 1. Calculation of electrospray ionization capacity for the
experimental results in Figure 4
X (Molar)a I (nA)b IA (nA)
c Ci
104 95.1 560 0.17
105 95.1 60.6 1.57
106 95.1 6.28 15.2
aThe molar concentrations listed represent the concentration for each
compound in the mixture.
bThe experimental measured electrospray current is used for the
calculation.
cCalculated using eq 4.
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become nonlinear, or even independent of the sample
concentration, when Ci becomes significantly small. It is
interesting to note that Ci in eq 5 is inversely propor-
tional to the square root of the electrospray flow rate.
While perhaps counter intuitive, this implies that a
smaller electrospray flow rate can provide a wider linear
dynamic range. To test this prediction, the ESI dynamic
range was measured experimentally using pure reser-
pine of different concentrations. Figure 6 shows the MS
sensitivity as a function of reserpine concentration at
different flow rates. Consistent with the prediction from
eq 5, the linear dynamic range of ESI decreases as the
electrospray flow rate increases. The calculation using
the data in Figure 6 showed that the upper concentra-
tion limit for the ESI linear dynamic range corresponds
approximately to Ci1.
The prediction for the ESI linear dynamic range was
further tested using a mixture of caffeine, reserpine and
MRFA having equimolar concentrations, since it was
expected that charge competition in the ESI process
could affect the linear dynamic range for each com-
pound. Figure 7 shows the MS sensitivity for both
Figure 6. MS sensitivity versus sample concentration at different
electrospray flow rates for a pure reserpine solution.
Figure 7. MS sensitivity versus sample concentration at a 1
L/min electrospray flow rate for caffeine and reserpine in a
mixture of MRFA, reserpine and caffeine (dashed lines), and
reserpine, and caffeine as pure solutions (solid line).reserpine and caffeine at an electrospray flow rate of 1
L/min. To compare the ESI dynamic range change as
the sample complexity changes, the experimental data
for reserpine and caffeine in the pure sample solution
are also shown in Figure 7. The results indicate that the
linear dynamic ranges for different compounds can be
affected differently by the sample complexity. The
dynamic range for reserpine, having the highest ioniza-
tion efficiency for the three compounds, remained vir-
tually the same for both the pure sample solution and
the mixture. On the other hand, the dynamic range of
caffeine in the mixture was significantly reduced.
A simple experimental approach for reducing or
avoiding the nonlinear response for each analyte in the
mixture is to dilute the samples. As shown in Table 1
and Figure 4, in cases where the total analyte concen-
tration is approximately known, a Ci value of 10 can
be conservatively used to predict the upper limit for
ESI-MS linear dynamic range. A more effective way to
achieve comparable ionization efficiencies for all the
analytes in the mixture is to reduce electrospray flow
rates. The benefits of operating in the nano-electrospray
mode has been discussed extensively [5, 6, 9, 25, 26].
The use of an ESI capacity Ci value allows one to
predict both the sample concentration limit for charge
competition and the upper concentration limit for a
linear dynamic range in ESI-MS. The model also sug-
gests possible approaches for increasing the dynamic
range in ESI-MS analyses (since Ci is inversely propor-
tional to the square root of the electrospray flow rate,
the dynamic range can be increased by reducing flow
rate). Operating in the nano-electrospray mode will not
only increase the upper limit of the linear dynamic
range, as indicated by eq 5, but also decrease the lower
concentration limit, which is essentially determined by
the detection capabilities of the mass spectrometer.
We also expect that another attractive alternative for
significantly extending ESI dynamic range is to operate
an electrospray in a multi-spray mode. As shown in a
previous investigation [27], when electrospray is oper-
ated in the multi-spray mode at a given flow rate Q, the
total electrospray current is proportional to the square


















where n is the number of electrosprays at a given flow
rate Q. In eq 6, Ci is proportional to the square root of
the number of electrosprays. Since each electrospray in
a multi-electrospray operates in a lower liquid flow
rate, ESI dynamic range is extended due to the greater
overall sensitivity at lower concentrations.
As a last example, the model established in this
study can also be extended to capillary LC-ESI-MS
application. The C defined in eq 5 can be used toi
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columns are used for a given sample loading. The liquid






where dc is the column diameter, Vl is the linear
velocity of the liquid in the column. If we further
assume the width of any chromatographic peak to be lp
and consider a case where N different compounds
co-elute (in one peak), the molar concentration during






where mJ is the total mass for compound J, which is
related to the total sample mass loaded on LC column,
MJ is the molecular weight of the compound J. Substi-





















Although it is difficult to determine mJ, one can see
from eq 9 that Ci is proportional to the column diame-
ter. This shows that the upper concentration limit of the
LC-ESI-MS dynamic range can be extended by using a
larger diameter LC column at a given sample mass
loading and the same separation efficiency (i.e., con-
stant Vl and Lp). However, the apparent benefit disap-
pears when sample size is scaled with flow rate, and it
should be noted that a smaller diameter column will
always provide higher ionization efficiency and be
attractive for cases where sample size is limited [28, 29].
Conclusions
Large increases in ESI-MS sensitivity occur as electro-
spray flow rate decreases. The importance of charge
competition in the ESI process for a given operating
condition is determined by the relative magnitude of
available excess charge in the electrospray and the total
number of analyte ions in the solution. When a suffi-
ciently diluted sample is used, the charge competition
becomes negligible and MS sensitivities similar.
The ESI dynamic range shows different characteris-
tics depending on the complexity of the sample solu-
tions. For a pure sample solution, the maximum con-
centration limit is determined by the total excess charge
available in electrospray to ionize the analyte mole-
cules, which is consistent with the conclusion reached
by others [11–13]. However, in the case of sample
mixtures, the ESI dynamic range can be affected bycharge competition. A theoretical analysis introducing
an ESI charge capacity appears to predict both the onset
of significant charge competition and the upper concen-
tration for linear ESI-MS dynamic range. The present
analysis also shows that ESI dynamic range can be
potentially extended using multi-electrospray sources.
The present work highlights several advantages to
use very low flow rate separations with ESI-MS. First,
smaller electrospray flow rates can provide a wider
linear dynamic range. It is expected that lower flow rate
nano-electrosprays will approach a regime where ion-
ization efficiencies will become similar for any com-
pound, where analytes compete effectively with solvent
related species for charge, and ionization efficiencies
will approach 100%. While operation under such con-
ditions poses challenges for both the separations and
MS sensitivity, recent results have demonstrated the
feasibility of such approaches for ultra-sensitive and
broad dynamic range studies of complex proteome
samples [28, 29].
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